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Antihydrogen is produced by mixing an antiproton and a positron plasma in a cryogenic elec-
tromagnetic trap. The dominant antihydrogen formation mechanism is three-body recombination,
while the subsequent level population evolution is governed by various processes, mainly collisional
(de)excitation, ionisation and radiative decay. In this work the impact of various positron plasma
lengths on the level population evolution is investigated. The main interest is the ground-state an-
tihydrogen atom yield. It is found that the ground state level population shows different power-law
behaviour at short or longer positron plasma lengths.
I. INTRODUCTION
Today antihydrogen atoms can be formed, trapped and
observed routinely by various experiments [1] [2] [3] [4] [5]
[6]. Very recently antihydrogen beams prepared for in-
flight spectroscopy has been reported [7]. The primary
motivation of these experiments is to compare the spec-
troscopic properties of the antihydrogen atom to those
of the hydrogen atom, which is a direct test of the CPT
symmetry.
The standard method of formation of antihydrogen is
to produce a mixture of antiproton and positron plas-
mas in an electromagnetic trap under cryogenic condi-
tions. Experimentally the important spectroscopic mea-
surements are to be performed on ground-state antihy-
drogen atoms, while the antihydrogen atoms are created
dominantly via the three-body recombination process
(e++e++p¯→ H¯+e+), which primarily populates highly
excited Rydberg states. In order to reach ground-state
experiments either trap the antiatoms or prepare them
for in-flight spectroscopy. In both cases the radiative
decay process eventually relaxes a fraction of the level
population towards ground-state. However, the initial
three-body recombination process, which takes place in-
side the positron plasma, populates primarily highly ex-
cited levels, therefore the rate of populating the ground-
state level is also impacted by the scattering processes
inside the plasma.
A key element for efficient antihydrogen production is
to control the positron plasma conditions and to repop-
ulate high Rydberg states to intermediate and low ex-
cited states. The rate of the three-body recombination
process is proportional to the positron density to the
second power, while the proportionality for the rates of
other processes is typically to the zeroth (radiative de-
excitation) or the first power (collisional (de)excitation)
of the positron density (see [8] and [9] and references
therein). The rates of the various processes in mag-
netic field has been studied in great lengths previously
[10] [11] [12] [13]. A review has been published by Ro-
bicheaux [14]. Bass and Dubin showed calculation re-
sults for level population evolution under cryogenic and
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highly magnetised conditions [15]. They characterised
this regime by a magnetisation parameter, χ ≡ v¯/bΩc =
0.0018(Te/4 K)
3/2/(B/6 T ), where Te is positron tem-
perature, B magnetic field strength, v¯ positron thermal
speed, b classical distance of closest approach and Ωc
positron cyclotron frequency. In their work the magneti-
sation parameter range explored was from χ = 0 (infi-
nite magnetic field) to χ = 0.005 (roughly a combina-
tion of Te = 10 K positron temperature and B = 10 T
magnetic field strength). The impact of positron plasma
conditions on the ground-state antihydrogen yield under
a broad range of positron plasma density and tempera-
ture scales was published by Radics, Murtagh, Yamazaki
and Robicheaux [16] covering the magnetisation parame-
ter range of 0.04 ≤ χ ≤ 3.5, which corresponds to recent
experimentally achievable conditions in current antihy-
drogen experiments (20 K < Te < 300 K and B ' 2− 3
T).
Because of the crucial role of the positron plasma condi-
tions in antihydrogen formation, in this work we extend
our results from [16] and investigate the impact of various
positron plasma lengths on the level population evolution
and on the useful ground-state antihydrogen yield, in the
same magnetisation range, 0.04 ≤ χ ≤ 3.5.
This paper is organised as follows. In section II we briefly
summarise the antihydrogen level population evolution
model. Then in section III we present our findings on
the level population evolution when scanning with vari-
ous plasma lengths. Finally the results are concluded in
section IV.
II. LEVEL POPULATION MODEL
The antihydrogen level population evolution model de-
scribes the passage of a number of antiprotons through
a cloud of positrons. During their passage the antipro-
tons may recombine with positrons, forming antihydro-
gen atoms, and afterwards they may take part in various
other scattering and decay processes. The evolution is
based on a set of coupled differential equations evolving
the system in time. The time evolution of the popula-
tion of each quantum state, N(i), is governed by the rate
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dN(i)
dt
= [Crr(i) + Ctbr(i)ne]neNp − Cion(i)neN(i)
+
∑
j 6=i
[Ccol(j, i)ne + Cstr(j, i)]N(j)
−N(i)
∑
j 6=i
[Ccol(i, j)ne + Cstr(i, j)],
(1)
while the number of bare antiprotons fulfills the rate
equation
dNp
dt
=
∑
i
(Cion(i)neN(i)− [Crr(i) + Ctbr(i)ne]neNp) ,
(2)
where Np is the number of antiprotons, ne is the density
of positrons, Crr(i) and Ctbr(i) denote rate coefficients
for radiative and three-body recombination to state i re-
spectively, Cion(i) denotes ionisation by positron impact
from bound state i, Ccol(i, j) denotes collisional excita-
tion or deexcitation by positron impact from state i to
state j and Cstr(i, j) denotes spontaneous or stimulated
transitions due to presence of a radiation field. The ther-
mal equilibrium rate coefficients has been calculated by
classical-trajectory Monte Carlo method, as described in
[16]. The set of differential equations are solved using the
Bulirsch-Stoer method [17].
Initially, the model starts with empty level population
for each quantum state and a given number of antipro-
tons. Then during the subsequent time integration the
population of the quantum states of the antihydrogen
atoms is being filled and distributed by recombination,
scattering and decay processes, the rates of which are all
contained in the coefficients of the various terms in the
coupled differential equations.
III. DISCUSSION
A. Impact of positron plasma length
The effect of different positron plasma lengths can be
factorised into the evolution time, which is the time the
antiprotons and antihydrogen atoms spend inside the
positron plasma. This time depends on the velocity of
antiprotons and the length of the plasma. We assume in
this model that the temperature of the antiproton and
positron plasma is equalised quickly once they start to
mix. We note that our model could in principle be eas-
ily adapted to a non-equilibrium thermal evolution code
by assuming local thermal equilibrium, either in space of
time, re-evaluating the level population after each step,
and subsequently feeding the level population obtained
from a previous step to the next step during the calcu-
lation. Because of the assumption of the thermal equi-
librium the evolution time and subsequently the plasma
lengths traversed by the antiprotons are slightly different
at low or high temperatures. Typical time scale ranges
for a single passage of antiprotons through the positron
clouds with various lengths are in the order of ' 1− 100
µs. In the simulation positron temperatures in the range
Te = 20− 300 K were used with a fixed positron density
of ne = 10
14m−3, a B = 2 T magnetic field strength,
and with a total number of antiprotons of Np = 10
5. Be-
cause of the assumption of thermal equlibrium the tem-
perature values we use interchangeably for positrons or
antiprotons. The level population distributions obtained
for example at Te = 20 K and at Te = 300 K are shown
in Figure 1 and Figure 2, respectively, with subfigures
showing the level population on logarithmic scale. There
are several interesting features to note from these dis-
tributions. The longer the plasma length the more the
n = 1 ground-state antihydrogen levels are populated,
which is understood since more time is allowed for the
population to evolve and for low level quantum states to
decay to ground-state. At Te = 20 K temperature the
ground-state population is found to increase around four
orders of magnitude in the range of plasma lengths from
L = 0.7 cm to L = 35 cm. While at Te = 300 K the
ground-state population increases only around two or-
ders of magnitude in a similar plasma length range. It is
also observed that at n ' 20 principal quantum number
the states become more populated with increasing plasma
length. This effect indicates that the quantum state dis-
tribution at high-n states and at very long plasma lengths
starts to evolve, although very slowly, towards the ther-
mal equilibrium level population distribution, given by
the Saha-Boltzmann relation, Nth(i) = Npnen
2
iΛ
3e
E(i)
kBTe ,
while states below n ' 20 principal quantum number
decay radiatively to ground-state quickly. In the Saha-
Boltzmann formula Np is the number of antiprotons used
in the simulation, ni is the principal quantum number
of state i, Λ = h/
√
2pimekBTe is the thermal de Broglie
wavelength of the positron, me is the positron mass, E(i)
is the binding energy of state i, h is the Planck’s constant
and kB is the Boltzmann constant. The thermal equi-
librium level population distribution is indicated with
dashed lines on Figure 1 and Figure 2 using the fixed
positron density value ne = 10
14m−3. It is also noted
that the peak position of the build-up of the level pop-
ulation shifts towards lower principal quantum numbers
with increasing plasma lengths, subsequently populating
more quantum states closer to the ground-state.
In this paper our aim is to study the experimentally
useful ground-state level population, therefore we adopt
the number of states in n ≤ 15 quantum state as a mea-
sure of useful states as they decay to ground-state within
1 ms. Using this measure the number of antihydrogen
atoms with states n ≤ 15 are presented as a function of
the plasma length on Figure 3. With a composite power-
law model we could parametrise the obtained ground-
state level population dependence on the plasma length
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FIG. 1. Antihydrogen level population distribution for various
plasma lengths, using temperature T = 20 K, density ne =
1014m−3, magnetic field strength B = 2 T. The subplot shows
the same distribution on logarithmic scale, and zoomed onto
the principal quantum number range n = 1− 30.
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FIG. 2. Antihydrogen level population distribution for vari-
ous plasma lengths, using temperature T = 300 K, positron
density ne = 10
14m−3, magnetic field strength B = 2 T. The
subplot shows the same distribution on logarithmic scale, and
zoomed onto the principal quantum number range n = 1−30.
for various temperature values,
f(x; ...) =

Axa, if x = [lAmin, l
A
max]
Bxb, if x = [lBmin, l
B
max],
Cxc, if x = [lCmin, l
C
max]
(3)
where the normalisation constants and power-law fit pa-
rameters are A, B, C and a, b, c, respectively, and the
plasma length ranges for each power-law behaviour is la-
belled as [lmin, lmax]. We found that a different power-
law behaviour occurs at shorter or longer length scales
ranging from order of a centimeter to the order of a
meter. We were only able to fit the ground-state level
population dependence using three rough length ranges,
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FIG. 3. Ground-state antihydrogen level population (n ≤ 15)
as a function of plasma length, using various temperature
values at a fixed positron density ne = 10
14m−3.
which we label with A, B and C, each of them showing a
different power-law behaviour. These length ranges are
[lAmin, l
A
max] = [0.015, 0.07], [l
B
min, l
B
max] = [0.07, 0.2] and
[lCmin, l
C
max] = [0.2, 1.0] in units of meter. The parame-
ter values obtained during the fit for the fixed positron
density value ne = 10
14 m−3 are shown in Table I. An
example fit result at T = 40 K is shown in Figure 4.
The power values from the results shown in Table I sug-
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FIG. 4. Power-law fit using the parametrisation in Equation 3
for plasma temperature T = 40 K and at fixed positron den-
sity ne = 10
14 m−3 and magnetic field strength B = 2 T. The
fit values are presented in Table I .
gest that towards longer plasma lengths the rate of filling
the antihydrogen ground-state level population does not
follow a constant power dependence but rather the power
gets smaller with longer plasma lengths. This seems to
be consistent with the build-up of population at prin-
cipal quantum number n ' 20 as discussed previously.
The decrease in the power with plasma length is also
found at higher positron plasma temperature, although
4Temperature [K] A a B b C c
40 1734 2.45 416 1.90 153 1.27
100 8.48 1.90 5.09 1.70 2.38 1.21
300 0.09 1.35 0.07 1.23 0.06 1.08
TABLE I. Fit parameter values for composite power-law
Equation 3 for temperature values T = 40 K, 100 K and
300 K, and fixed positron density value ne = 10
14 m−3, and
for positron plasma length scales [lAmin, l
A
max] = [0.015, 0.07],
[lBmin, l
B
max] = [0.07, 0.2], [l
C
min, l
C
max] = [0.2, 1.0] in meters .
it is less pronounced. While at T = 40 K the power is
found to decrease from a = 2.45 to as low as c = 1.27, at
T = 300 K it decreases from a = 1.35 to only c = 1.08
with longer plasma lengths. Such a decrease in power
suggests that longer time is available for collisional pro-
cesses to take place, the rate of which scales with lower
power on positron plasma density. However, over two or-
ders of magnitude increase in plasma length the ground-
state level population is found to increase by two-three
orders of magnitude, independent of the plasma temper-
ature, which may enhance the precision of experiments
pursuing spectroscopic measurements using ground-state
antihydrogen atoms. Although such an extremely long
positron plasma may be challenging to be realized and
to be kept stable experimentally.
IV. CONCLUSION
In this work the antihydrogen level population de-
pendence was investigated as a function of the positron
plasma length in the plasma magnetisation parameter
range of 0.04 ≤ χ ≤ 3.5, which corresponds to recent
experimentally achievable conditions in current antihy-
drogen experiments. It was found that a composite
power-law parametrisation can fit the rate of ground-
state level population, using different power-law values in
various plasma length scales. The power-law behaviour
was found to decrease with increasing plasma lengths at
each of the investigated temperature scales in the range
Te = 40−300 K. The results also show that a two orders
of magnitude longer plasma could increase the ground-
state level population of antihydrogen by two-three or-
ders of magnitude, independent of the plasma tempera-
ture.
ACKNOWLEDGMENTS
This work was supported by the Grant-in-Aid for
Specially Promoted Research (no. 24000008) of the
Japanese Ministry of Education, Culture, Sports, Science
and Technology (Monbukakagu-sho), Special Research
Projects for Basic Science of RIKEN, RIKEN programme
for young scientists.
[1] G. Baur et al., Phys. Lett. B 368, 251 (1996).
[2] M. Amoretti et al. (ATHENA collaboration), Nature
419, 456 (2002).
[3] G. Gabrielse et al. (ATRAP Collaboration), Phys. Rev.
Lett. 89, 213401 (2002).
[4] G. B. Andresen et al. (ALPHA collaboration), Nature
468, 673 (2010).
[5] G. B. Andresen et al. (ALPHA collaboration), Nat. Phys.
7, 558 (2011).
[6] G. Gabrielse et al. (ATRAP collaboration), Phys. Rev.
Lett. 108, 113002 (2012).
[7] N. Kuroda et al. (ASACUSA collaboration), Nature
Communications 5, 3089 (2014).
[8] F. Robicheaux and J. D. Hanson, Phys. Rev. A 69,
010701 (2004).
[9] T. Pohl, D. Vrinceanu, and H. R. Sadeghpour, Phys.
Rev. Lett. 100, 223201 (2008).
[10] M. E. Glinsky and T. M. O’Neil, Phys. Fluids B 3, 1279
(1991).
[11] F. Robicheaux, Phys. Rev. A 73, 033401 (2006).
[12] T. Topc¸u and F. Robicheaux, Phys. Rev. A 73, 043405
(2006).
[13] J. L. Hurt et al., J. Phys. B 41 (2008).
[14] F. Robicheaux, J. Phys. B 41, 192001 (2008).
[15] E. M. Bass and D. H. E. Dubin, Physics of Plasmas 16,
012101 (2009).
[16] B. Radics, D. J. Murtagh, Y. Yamazaki, and F. Ro-
bicheaux, Phys. Rev. A 90, 032704 (2014).
[17] M. Galassi et al., GNU Scientific Library Reference Man-
ual (3rd Ed.) (Network Theory Limited, 2009).
